ABSTRACT
supply. FECH deficiency in EPP appears to lead to a steady state in which decreased erythropoiesis is matched by reduced iron absorption and supply. This response may in part be mediated by protoporphyrin but we found no correlation between erythrocyte protoporphyrin and Hb, sFn, total iron binding capacity or transferrin saturation. Microcytic anemia occurs in 20 -60% of patients [3] [4] [5] [6] . In contrast to other inherited disorders of erythroid heme biosynthesis, 7 the anemia is not dyserythropoietic, there is no iron overload, and there is evidence for iron-deficiency 5, 6, 8, 9 , without iron loss 9 . A mouse model of EPP, the homozygous Fech m1Pas mutant, develops a similar microcytic anemia 10, 11 . Although it is probable that the anemia of EPP reflects limitation of heme formation by FECH deficiency, its incidence, mechanism and relationship to disordered iron metabolism remain unclear. 16 .
SUBJECTS AND METHODS

Patients and control subjects
Statistical methods
Results were expressed as mean ± SD for normally distributed data and median and range for data (sFn, protoporphyrin) with a log-normal distribution. Differences between quantitative variables were assessed by the Mann-Whitney test. Spearman rank correlation (r s ) was used to test the significance of relationships between pairs of variables and the chi-square test for differences between proportions.
RESULTS AND DISCUSSION
Red cell indices
By WHO criteria, 73 (41%; 95% CI: 34 -48%) of our patients with dEPP were anemic.
All had a mild microcytic, hypochromic anemia; 48% of females and 33% of males being affected. The anemic patients did not form a separate subgroup. In both sexes, hemoglobin (Hb) (females: 11.9 ± 1.0 g/dL; males: 13.3 ± 1.0), mean cell volume (MCV) and mean corpuscular hemoglobin (MCH) were normally distributed with a shift in their (Table S1 ; supplemental data); the mean Hb for males being 1.2 g/L lower than in the general population (Fig 1A) . A similar shift has been noted in Dutch EPP patients 17 . This downward shift in Hb leads to some patients falling within the definition of anemia; part of the wide variation in reported incidences can be explained by use of different definitions [2] [3] [4] [5] [6] 9 . Erythrocyte protoporphyrin concentrations (females: FECH activity in dEPP is about 35% of normal 13 . Our data show that this decrease is sufficient to produce in all patients a mild defect of erythropoiesis that impairs hemoglobinisation. Defective erythropoiesis persists throughout life and our findings (supplemental data, legend to table S1) and previous reports 8, 18 suggest that it may not be corrected by oral iron unless there is evidence of co-existing iron loss.
Iron status
Both sexes showed evidence of iron depletion (Table S2 ; supplemental data). Differences in sFn and transferrin saturation (TS) between women and men suggested that more of the former had iron depletion due to iron loss in addition to abnormalities caused by EPP.
Therefore, we restricted detailed analysis of iron indices to the 67 male patients (Hb 13.5 ± 0.9 g/dL) aged over 15 years who had never received iron supplements.
The main abnormality was a marked shift in sFn towards lower values (Fig 1B) ( In homozygous Fech m1Pas mice, total body iron is normal but iron is redistributed from peripheral tissues to an enlarged hematopoietic spleen 11 . Though these mice have liver disease, lower FECH activity and more severe anaemia 11 , it seems unlikely that FECH deficiency limits erythropoiesis and disturbs iron metabolism by different mechanisms in the two species. The anomalous observation in EPP of accumulation of iron in erythroblasts 9 suggests that there may also be redistribution of iron stores towards the site of erythropoiesis in EPP. Thus, in both species, FECH deficiency appears to provoke a response that leads to accumulation of protoporphyrin IX but prevents accumulation of the other, more toxic, substrate, iron.
A second notable feature of iron depletion in dEPP is our finding that sFe (Table 1) and sTfR (18.6 ± 5.1 nmol/L) (Fig 1C) concentrations are normal. The normal sTfR in our patients is consistent with the degree of depletion of iron stores indicated by sFn and,
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together with the normal sFe, suggests that erythropoiesis is not limited by iron supply 20 .This indicates that the reduction in iron stores has not led to iron deficient erythropoiesis. Furthermore, the rate of erythropoiesis is not increased as this would also increase sTfR levels. These findings suggest FECH deficiency in dEPP leads to the establishment of a steady state in which iron absorption and supply is diminished but matches the requirement for reduced erythropoiesis.
The mechanism of these changes in iron metabolism has not been established. Iron metabolism is also altered in griseofulvin-induced protoporphyria 21 . Because serum transferrin is increased in Fech m1Pas BALB/c mice and correlates with erythrocyte protoporphyrin concentration, it has been suggested that protoporphyrin may act as a signal to increase hepatic transferrin synthesis when iron supply to erythroid cells is insufficient and thus modulate iron metabolism 11 . We found only a slight increase in TIBC (Table 1 ) and no correlation with erythrocyte protoporphyrin. Aternatively, FECH deficiency within enterocytes might affect duodenal iron transport by altering enterocyte mitochondrial iron status 22 .
Finally, measurement of sTfR, in addition to sFn, may help to distinguish those patients in whom the anemia of EPP is exacerbated by iron loss and who might benefit from iron replacement 23 . 
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